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ABSTRACT 

_ The  high  cycle  fatigue  (HCF)  resistance  of  several  boron-doped 

Ni3Al  alloys  has  been  determined  over  a  range  of  test  temperatures. 

Fatigue  and  tensile  properties  of  two  Ni-rich  ternary  alloys  were 
much  superior  to  those  of  the  cast  267.AL.  alloy  or  a  P/M  alloy  with 
9.33$n*.  Crack  paths  were  transgranular  in  the  Ni-rich  alloys  and 
intergranular  or  interdendritic  in  Ni-26%Al,.  HCF  lives  decreased 
sharply  at  temperatures  above  50Cf>C<-NMn  had  little  effect  on  this 
phenomenon.  sCrack  growth  rates  Increased  with  temperatures  to  600*C, 
in  spite  of  a  rising  yield  stress  over  the  same  temperature  range, 
perhaps  due  to  oxygen-induced  embrittlement. 

Single  crystals  of  Ni3Al»+B  displayed  a  marked  flow  stress  assymetry 
in  tension  and  compression^  A  detailed  study  of  fatigue  damage  (internal 
and  surface)  was  made.  "~>Point  defects  were  observed  in  large  numbers; 
these  condense  into  voids,  thereby  contributing  to  each  crack  initiation. 

The  high  cycle  fatigue  (HCF)  and  crack  growth  resistance  of 
several  (£ejAl-type  alloys  was  determined  in  the  temperature  range 
25-600^0.  Long  range  order  (DOy  type)  was  effective  in  prolonging 
high  cycle  fatigue  lives  in  Fe-28.17.A1_,  but  not  in  Fe-23^.  TTAL^at 
25^0.  However,  irack  growth  rates  were  higher  in  the  D03  condition. 

The  fatigue  resistance  of  D03  material  was  not  as  severe!}  affected 
by  test  temperature  as  was  that  of  B2  material.  A  substantial  creep 
component  was  noted  in  both  HCF  and  crack  growth  tests  on  B2  material 
at  560^  and  600*0.  Fracture  surfaces  consisted  primarily  of  cleavage 
facets  in  all  alloys  and  conditions  of  order,  but  crack  initiation 
was  intergranular  in  Fe-Al^tested  in  HCF.  Cracks  initiated  transgranularly 
in  pre-notched  crack  growth  samples.  Fatigue  striations  were  observed 
only  at  S00°C  in  both  types  of  tests. 

^-.Fatigue  results  on  both  Ni3AL and  Fe3Al_alloys  are  discussed 
on  the  basis  of  microstructure,  surface  slip  band  development  and 
internal  dislocation  substructures  revealed  by  transmission  electron 
microscopy. 


ABSTRACT 


The  high  cycle  fatigue  (HCF)  resistance  of  several  boron-doped 
N^Al  alloys  has  been  determined  over  a  range  of  test  temperatures. 
Fatigue  and  tensile  properties  of  two  Ni-rich  ternary  alloys  were 
much  superior  to  those  of  the  cast  26%A1  alloy  or  a  P/M  alloy  with 
9 . 37„Mn .  Crack  paths  were  transgranular  in  the  Ni-rich  alloys  and 
intergranular  or  interdendr  it  ic  in  Ni-26/'„Al.  HCF  lives  decreased 
sharply  at  temperatures  above  500"C;  Mn  had  little  effect  on  this 
phenomenon.  Crack  growth  rates  increased  with  temperatures  to  600°C, 
in  spite  of  a  rising  yield  stress  over  the  same  temperature  range, 
perhaps  due  to  oxygen- induced  embrittlement. 

Single  crystals  of  N^Al+B  displayed  a  marked  flow  stress  assymetrv 
in  tension  and  compression.  A  detailed  study  of  fatigue  damage  (internal 
and  surface)  was  made.  Point  defects  were  observed  in  large  numbers; 
these  condense  into  microvoids,  thereby  contributing  to  easy  crack 
init iat ion . 

The  high  cycle  fatigue  (HCF)  and  crack  growth  resistance  of 
several  FejAl-type  alloys  was  determined  in  the  temperature  range 
2S-600°C.  Long  range  order  (DO3  type)  was  effective  in  prolonging 
high  cycle  fatigue  lives  in  Fe-28.I7oAl,  but  not  in  Fe-23.7%A1  at 
25°C.  However,  crack  growth  rates  were  higher  in  the  DO3  condition. 

The  fatigue  resistance  of  DO3  inaitriai  was  not  as  severely  affected 
by  test  temperature  as  was  that  of  B2  material.  A  substantial  creep 


component  was  noted  in  both  HCF  and  crack  growth  tests  on  B2  material 
at  560°C  and  600°C.  Fracture  surfaces  consisted  primarily  of  cleavage 
facets  in  all  alloys  and  conditions  of  order,  but  crack  initiation 
was  intergranular  in  Fe-Al  tested  in  HCF.  Cracks  initiated  transgranularlv 
in  pre-notched  crack  growth  samples.  Fatigue  striations  were  observed 
only  at  500°C  in  both  types  of  tests. 

Fatigue  results  on  both  N^Al  and  Fe3Al  alloys  are  discussed 
on  the  basis  of  microstructure ,  surface  slip  band  development  and 
internal  dislocation  substructures  revealed  by  transmission  electron 


I. 


INTRODUCTION 


Intermetallic  compounds  such  as  Ni^Al  and  Fe3Al  offer  potential 
advantages  of  low  density,  high  strength  and  good  oxidation  resistance. 
However,  attempts  to  develop  these  alloys  have  been  hindered  by  their 
brittleness  and  notch  sensitivity  at  low  temperatures l ^'3 1 _  Recently, 
modest  improvements  in  ductility  have  been  achieved  in  Fe-Al  alloys 
through  the  preparation  of  pure,  relatively  fine-grained  alloyst^'^l. 

In  the  case  of  Ni^Al,  boron  in  small  quantities  provides  a  striking 
increase  in  room  temperature  ductility  for  alloys  in  which  Al<24a%( 6-8 1 . 

Little  is  known  about  fatigue  behavior  of  polycrystalline  nickel 
and  iron  aluminides.  The  present  work  represents  an  account  of  the 
response  of  polycrystalline  M3AI  and  FejAl  to  stress-controlled 
cyclic  loading  between  25°C  and  800°C.  Both  high  cycle  fatigue  (HCF) 
experiments  on  unnotched  bars,  and  crack  growth  (da/dN)  studies  on 
compact  tension  samples  were  carried  out.  Experimental  variables 
were  aluminum  content  and  manganese  content  for  N^Al  and  aluminum 
content  and  type  of  long  range  order  (DO3  vs  partial  B2)  for  Fe3Al. 

In  alloys  near  Fe-25%A1,  DO3  order  occurs  at  a  critical  temperature 
of  about  550°C.  Quenching  from  above  that  temperature  results  in 
the  formation  of  partial  B2  type  order.  Phase  relationships  in  this 
system  are  still  not  well  established,  as  Inoue^l  has  shown  that 
two  phase  a+B2  and  C1+DO3  regions  can  exist  near  Tc ,  the  critical 
ordering  temperature  of  alloys  with  less  than  267oAl.  In  addition 
to  the  work  on  polycrystals,  strain  controlled  experiments  have  been 
carried  out  on  N^Al+B  single  crystals,  oriented  for  single  slip. 

These  experiments  were  aimed  at  determining  the  type  and  rate  of 
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accumulation  of  surface  and  internal  damage  resulting  from  cyclic 
loading,  and  to  relate  this  damage  to  the  formation  of  cracks. 

II.  ALLOYS  AMD  EXPERIMENTAL  PROCEDURE 

A  -  Ni3Al 

Alloys  for  tensile  and  high  cycle  fatigue  Lests  were  obtained 
from  various  sources.  An  argon  drop  cast  ingot  of  Ni- 26a7oAl-0 . 25Y»B 
was  provided  by  D.M.  Shah  of  Pratt  &  Whitney  Aircraft.  Another  drop 
cast  ingot,  containing  23.4aZAl-0. 57„Hf-0. 26%B  (designated  IC-50) 
was  provided  by  C.T.  Liu  of  Oak  Ridge  National  Laboratory;  sheet 
materials  of  the  same  alloy  also  was  provided.  Powder  of  composition 
Ni-247„A1-1 . 27<,Fe-0. 257.B  was  provided  by  Dr.  S.C.  Huang  of  General 
Electric  Co.  Corporate  Research  and  Development  Center;  powder  of 
composition  Ni- 15 . 23a7,Al-9 . 36%Mn-0. 2%B  was  obtained  from  Special 
Metals  Corp.  Both  alloys  were  hot  isostat ica 1 ly  pressed  (HIP)  under 
conditions  of  1150°C,  103MPa  for  2  hrs.  Samples  were  electro-discharge 
machined  (EDM)  from  the  drop  cast  ingot  and  the  HIP  can.  In  addition 
HIP  material  was  extruded  at  1100°C  with  a  7:1  reduction.  Final 
specimens  for  tensile  and  high  cycle  fatigue  tests  had  a  cylindrical 
gage  section  12.1  mm  long  with  a  2.34  mm  diameter.  The  HIP  +  extruded 
samples  were  heat  treated  in  flowing  hydrogen  at  1000°C  for  three 
hours  and  furnace  cooled,  while  the  As-HIP  and  drop  cast  samples 
were  annealed  at  1000°C  tor  1  hour.  This  produced  similar  grain 
size  (30-40  pm)  in  the  HIP  alloys,  while  Al-rich  alloy  had  an  80 
pm  grain  size.  IC-50  had  a  grain  size  of  48  pm  after  that  heat 
treatment  at  1000°C  for  one  hour,  followed  by  a  furnace  cool. 


Single  crystals  of  Ni-24a%Al-0. 25%B  was  obtained  from  Pratt 
and  Whitney  Aircraft  Div,  United  Technologies  Corp.  Test  samples 
were  prepared  in  the  form  of  3x3x9  mm  gage  sections  prepared  by  electro- 
discharged  machining.  Most  crystals  were  oriented  near  [2  13  17]. 

All  samples  were  annealed  in  vacuum  for  50  hrs,  and  electropol ished 
prior  to  testing  under  strain  control  conditions  at  a  strain  rate 
of  5  x  10'4  5'1. 

After  abrasive  polishing  and  electropolishing  (10%  perchloric 
acid  in  glacial  acetic  acid  at  5°C),  the  polycrystalline  samples 
were  tested  in  an  Instron  closed  loop  machine  either  in  stress-controlled 
fatigue  or  stroke-controlled  tensile  tests.  Room  temperature  tests 
were  carried  out  in  air,  while  elevated  temperature  tests  were  performed 
in  vacuum  of  1.36  x  10'^Pa  (lxl0~5)  torr  or  better.  Tensile  tests 
were  run  at  a  strain  rate  of  3.3xl04s"^-  while  fatigue  tests  were 
performed  with  a  triangular  wave  function  at  a  frequency  of  20  Hz 
with  R  =  om^n/amax  =  0.1.  After  testing,  each  sample  was  examined 
in  the  scanning  electron  microscope  (SEM).  Limited  transmission 
electron  microscopy  (TF.M)  observations  were  carried  out  on  foils 
polished  with  10%  perchloric  acid,  45%  glacial  acetic  acid  and  45% 
monobutyl  ether,  at  5°C. 

Crack  propagation  experiments  were  conducted  on  compact  tension 
type  specimens  with  W=25.4mm  and  B=2.16mm,  machined  from  rolled  plates 
of  IC-50.  The  experiments  were  conducted  at  a  frequency  of  20  Hz 
and  an  R-ratio  of  0.1,  in  a  vacuum  of  1.36  x  10*^Pa  (1x10”^  torr) 
or  better.  Crack  growth  measurements  were  made  using  an  optical 


microscope  to  observe  one  specimen  surface. 


B  -  FejAl 
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Alloys  were  supplied  by  Olin  Corp,  General  Electric  Co.  and 
Oak  Ridge  National  Lab.  Compositions  and  grain  sizes  are  listed 
in  Table  1.  Before  testing,  specimens  were  heat  treated  to  produce 
B2  or  DO3  type  superlattices  as  follows: 

B2  :  850°C/ lh/quench  in  iced  water 

DO3  :  B2+325 / lh/ furnace  cool 

Three  types  of  tests  were  conducted  :  tensile  and  high  cycle 
fatigue  tests  on  cylindrical  rod,  and  crack  growth  experiments  on 
specimens  cut  from  plate.  Tensile  and  high  cycle  fatigue  samples 
had  gage  length  12.5  mm  long  x  2.54  mm  dia.  Some  tensile  bars  had 
a  V-notch.  Tensile  tests  were  conducted  on  a  screw-driven  Instron 
machine  at  a  strain  rate  of  3.3  x  10“^s"^.  High  cycle  tests  were 
performed  in  air  in  stress  control  with  R  =  om3n/omax  =0.1.  Compact 
tension  samples  approximately  30  mm  square  were  employed  for  crack 
growth  tests.  Friction  grips  were  used,  since  pin  loading  caused 
specimen  failure  through  the  loading  pin  hole.  Specimens  were  cycled 
in  air  at  a  frequency  of  20  Hz  with  R  =  0.1.  Crack  growth  rate  was 
measured  at  room  temperature  by  a  traveling  microscope.  The  DC  potential 
drop  method  was  used  to  measure  the  crack  growth  rate  at  elevated 
temperatures . 

III.  EXPERIMENTAL  RESULTS 

A  -  Ni3Al 

1 .  Tensile  Behavior 

Tensile  properties  for  the  various  test  materials  are  listed 
in  Table  2.  The  HIP  +  extruded  247»A1  alloy  exhibited  yield  and  ultimate 
tensile  strengths  superior  to  that  of  the  as-HIP  alloy  at  room  temperature 
and  500°C.  The  HIP  +  extruded  alloy  displayed  significant  notch 
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sensitivity;  it  is  presumed  that  all  boron-doped  binary  alloys  would 

be  extremely  notch  sensitive.  The  two  binary  alloys  had  similar 

ductility  at  room  temperature  but  at  500°C  the  as-HIP  alloy  exhibited 

decreased  ductility  while  the  HIP  +  extruded  alloy  increased  slight 

in  ductility.  However,  both  24%  A1  alloys  were  much  more  ductile 

than  the  26%A1  alloy,  which  displayed  only  5%  elongation  at  25°C 

and  no  ductility  at  500°C.  Data  for  IC-50  were  taken  from  the  literature  I ^  I  . 

The  effect  of  0.5%  Hf  is  to  increase  the  yield  strength  of  NijAl+B 

from  240MPa  to  310MPa.  The  ductility  of  this  alloy  is  higher  than 

that  of  any  of  the  PM  alloys. 

The  Mn-conta ining  alloy  showed  reduced  strength  and  ductility 
at  all  test  temperatures  compared  to  identically  processed  NijAl+B, 
compare  Figs,  la)  and  b),  probably  because  of  a  higher  volume  fraction 
of  pores  in  the  former.  However,  tests  on  notched  bars  showed  that 
Mn  eliminated  the  notch  sensitivity  of  NijAl+B  at  both  25°C  and  5C0°C, 
see  Table  2. 

Tensile  tests  on  unnotched  bars  of  FejAl  revealed  very  low  ductilities 
at  room  temperature;  ductility  was  reduced  to  zero  in  the  presence 
of  a  notch,  see  Table  3.  The  notch  sensitivity  ratio  (notched/unnotched 
tensile  strength)  was  0.57  for  DO3  order  and  0.79  for  B2  order,  demonstrating 
the  greater  notch  sensitivify  of  the  DO3  condition. 

2 .  High  Cycle  Fatigue 

The  HIP  +  extruded  24%A1  alloy  was  superior  to  both  the  as-HIP 
247JV1  and  the  cast  267.A1  alloys  at  all  stress  levels  at  room  temperature 
in  high  cycle  fatigue  (Fig.  2a).  The  differences  between  the  two 
HIP  alloys  were  magnified  by  normalizing  the  data  (dividing  the  stress 
amplitude  by  the  respective  yield  stress),  see  Fig.  2b).  Note  that 
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absolute  and  normalized  fatigue  data  for  HIP  N^Al  fall  on  the  same 
curve  as  previously  obtained  data  for  cast,  wrought  and  recrystallized 
I C—  50  f  ^  0 Mn-containing  alloy  showed  inferior  fatigue  resistance 
at  both  25°C  and  500°C,  as  shown  in  Fig.  3a)  and  3b)  respectively. 

Fatigue  cracks  initiated  at  defects  (pores  or  inclusions)  at 
the  sample  surface  at  about  507.  of  the  life  for  all  P/M  alloys. 

The  crack  grows  in  a  stage  I  mode,  until  it  reached  some  critical 
length  at  which  overload  occurs;  the  latter  region  revealed  intergranular 
facets  for  Ni-2^A1+B,  but  transgranular  cracking  was  observed  in 
the  alloy  with  9.3Mn. 

In  IC-50,  on  the  other  hand,  cracks  always  initiated  in  a  stage 
I  mode  along  slip  bands,  and  continued  to  propagate  t ransgranu lar ly 
until  overload  occurred.  Again  the  overload  region  displayed  intergranular 
facets.  For  Ni - 2 6 7, A 1 ,  cracks  generally  initiated  and  propagated 
intergranular ly  or  in terdendr i t ical ly . 

The  HIP  +  extruded  alloy  exhibited  no  significant  change  in 
fatigue  life  between  25°C  and  500°C,  except  perhaps  at  very  low  stress 
levels,  see  Fig.  4.  The  as-cast  267.A1  alloy  actually  was  more  fatigue 
resistant  at  500°C  than  at  25°C  at  all  stress  levels.  However,  the 
higher  A1  content  and  load  structure  resulted  in  poor  fatigue  resistance 
relative  to  the  247.A1  alloy  at  both  temperatures.  The  reason  for 
this  is  quite  clear  in  that  the  tensile  strength  of  Ni-26a~4Al  is 
much  lower  than  for  Ni-24a7j\l  at  both  25°C  and  500°C,  see  Table  2; 
further,  the  267.A1  alloy  exhibits  only  slight  ductility  at  25°C  and 
none  at  500°C,  so  that  once  a  crack  is  nucleated,  rapid  propagation 
is  inevitable. 

When  the  data  for  Ni-24a%Al  were  normalized  for  strength  differences, 
room  temperature  lives  were  greater  than  high  temperature  lives. 
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Cracks  initiated  internally  at  defects  near  the  surface  in  HIP 
or  HIP  +  extruded  material.  In  the  24^1  alloy  the  cracks  propagated 
transgranular ly  and  then  overload  occurred  ;n  a  totally  intergranular 
mode.  The  267„A1  alloy  again  failed  intergranular ly  or  interdendritically 
at  500°C . 

In  addition  to  the  tests  at  500°C,  fatigue  tests  were  run  on 
HIP  +  extruded  Ni-24%A1  at  600°C,  700°C  and  800°C  in  vacuum,  at  a 
stress  range  of  500MPa.  The  life  vs  temperature  curve  somewhat  resembled 
the  anomolous  yield  strength  behavior  of  NijAl,  with  a  shallow  peak 
at  500°C  and  a  rapid  drop  off  above  600°C  (Fig.  5a).  Fracture  was 
intergranular  at  all  temperatures  above  500°C.  Similar  behav.or 
was  noted  in  the  Mn-containing  alloy,  Fig.  5b). 

3 .  Crack  Growth 

Crack  growth  experiments  were  carried  out  on  NijAl+B+Hf  ( I C -  5  0 ) 
at  25°C,  see  results  in  Fig.  6.  Also  shown  are  data  for  commercial 
alloys  as  well  as  two  long  range  ordered  alloys,  I R0-42  and  LRO-60, 
tested  under  similar  conditions  in  our  laboratory f ^  1  .  Note  that 
the  LRO  alloys  and  IC-50  display  a  decided  odvantage  over  the  commercial 
alloys,  especially  at  low  AK. 

The  rate  of  crack  growth  in  IC-50  increases  with  temperature 
(although  tnere  is  little  difference  between  500°C  and  600°C),  see 
Fig.  7.  At  500°C  crack  growth  rates  are  about  100  times  higher  than 
at  25°C,  although  the  data  of  Table  2  for  HIP  +  extruded  Ni-24%A1 
show  decreased  notch  sensitivity  at  the  higher  temperature. 

Stage  I  (slip-band)  cracking  was  noted  at  room  temperature, 
see  Fig.  8;  the  tendency  for  stage  I  cracking  was  reduced  with  increasing 


temperature . 


At  temperatures  near  600°C,  Fig.  9,  N^Al+B  displays 


a  higher  crack  growth  rate  than  LRO-60,  but  generally  cracks  at  a 
lower  rate  than  commercial  alloys  at  AK<20  MPam'^2.  Data  for  LRO-60 1  ^  -I  , 
Rene  95  f 1 2  1  and  Astroloyl^l  were  determined  in  our  laboratory  under 
identical  cycling  conditions,  but  in  argon. 

4 .  TEM  Observations 

Limited  TEM  observations  at  magnifications  to  290,000  times 
failed  to  reveal  any  separation  of  pairs  of  unit  dislocations  in 
any  of  the  po lv c r v s t a  1 1 ine  NijAl  alloys  tested.  Planar  arrays  of 
dislocation  were  observed  in  all  of  the  alloys,  but  especially  so 
in  the  N i - 26%A 1  alloy.  No  tendency  for  cell  structure  formation 
was  noted  for  specimens  tested  at  any  temperature  to  800°C. 

5 .  Single  Crystals 

Single  crystals  of  N^Al,  oriented  as  shown  in  Fig.  10,  have 
been  tested  in  both  tension  and  fatigue  at  25cC  in  air.  Note  the 
flow  stress  assymetrv  between  tension  and  compression.  Tensile  tests 
have  shown  that  several  ■  111'  systems  are  operative.  Cycled  samples 
also  have  been  examined  to  observe  the  development  of  surface  slip 
traces,  as  in  Fig.  11a)  and  b).  Persistent  slip  bands  have  been 
seen  at  cycles  into  the  test,  as  can  be  noted  clearly  in  Fig. 

11a).  Their  development  into  cracks  can  be  seen  in  Fig.  lib).  At 
high  magnification  in  the  SEM  the  development  of  extrusions  and  intrusions 
into  cracks  is  c 1  <•  > :  1 v  .  v i dent ,  as  shown  in  Fig.  12a).  These  cracks 
usually  consist  •>:  >  .mints  on  two  or  more  planes.  Fracture  facets 

on  cube  planes  h,:.>-  ‘ . .  identified. 

The  development  or  i’SBs  is  accompanied  bv  the  formation  of  small 
voids,  as  shown  in  i  i  .  12b).  The  accumulation  of  vacancies  during 
fatigue  appears  to  lead  to  the  nucleation  and  growth  of  vacancy  loops, 
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as  noted  by  TEM,  tig.  13  and  14.  These  loops,  many  of  which  are 
faulted,  may  coalesce  into  the  voids  shown  in  Fig.  12b).  In  most 
cases  long,  straight  screw  dislocations  are  seen,  on  up  to  three 
systems.  The  antiphase  boundary  energy  on  {ill}  has  been  calculated 
from  weak  beam  experiments  to  be  about  140m^/m2,  in  agreement  with 
published  data^. 

B  -  Fe3Al 

1 .  High  Cycle  Fatigue 

The  results  of  high  cycle  fatigue  (HCF)  tests  as  a  function 
of  composition  and  temperature  are  shown  in  Figs.  15-17.  Fig.  15 
shows  that  at  room  temperature  HCF  resistance  in  Fe-23.7%A1  is  independent 
of  the  type  of  order  except  at  the  lowest  stress  level,  where  the 
B2  condition  demonstrated  higher  fatigue  resistance.  Also  shown 
in  Fig.  15  is  a  relatively  strong  dependence  of  HCF  life  on  temperature 
for  the  B2  condition,  with  only  a  small  effect  for  D03  samples  between 
25°C  and  500°C. 

For  Fe-28 . 7a7,Al ,  the  DO3  condition  is  superior  to  B2  material 
at  25°C,  Fig.  Lb.  However,  this  alloy  is  sensitive  to  temperature 
in  both  B2  and  DO3  conditions. 

Fig.  17  shows  that  at  600°C  composition  has  a  very  strong  influence 
on  HCF  life.  At  A=200MPa  there  is  about  a  ten  fold  increase  in  life 
as  A1  increases  from  23.7  to  28.7%.  Also  shown  in  Fig.  17  is  the 
steep  decrease  in  life  for  Fe-23.7%A1  between  560°C  and  600°C. 

Crack  initiation  at  25°C  and  500°C  always  occurred  at  grain 
boundaries,  as  shown  in  Fig.  18a).  Propagation  quickly  changed  to 
a  predominantly  transcrystalline,  cleavage-like  path,  although  some 
intergranular  facets  would  be  seen,  Fig.  18b).  At  500°C  only  the 
switch  to  a  transgranular  path  was  accompanied  by  the  formation  of 
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fatigue  striations,  Fig.  19a).  The  striations  are  superimposed  upon 
cleavage  markings,  Fig.  19b).  The  f ractographic  features  for  DO3 
and  B2  material  were  similar  to  500°C.  However,  tests  above  Tc  caused 
extensive  plastic  deformation  and  necking,  consistent  with  the  short 
fatigue  lives  previously  noted  (Fig.  17). 

2 .  Crack  Growth 

At  25°C,  the  crack  growth  rate  for  Fe-24.93%Al  and  Fe-25 . 05%A1 
was  higher  in  the  DO3  than  in  the  B2  condition,  see  Fig.  20.  Little 
effect  of  increasing  A1  content  to  28.4%  was  noted  for  the  DO3  material 
at  25°C . 

SEM  f ractographic  analysis  showed  very  little  localized  plastic 
deformation  at  room  temperature.  Crack  propagation  was  by  transgranular 
cleavage.  No  evidence  of  striation  formation  was  noted.  Also  the 
fatigue  crack  started  transgranularly  at  the  machined  notch. 

The  crack  growth  rate  at  500°C  (DO3  structure)  is  higher  than 
that  at  room  temperature  at  AK<31MPa  /m.  At  higher  AK,  a  cross-over 
was  observed  such  that  the  crack  growth  rate  was  lower  at  500°C  than 
at  room  temperature.  This  cross-over  roughly  corresponds  to  the 
onset  of  the  striation  markings  on  the  fracture  surface. 

The  fracture  appearance  at  500°C  is  similar  to  that  of  samples 
tested  at  room  temperature  below  AK  =  31MPa  /m,  but  above  AK  =  31MPa  /m 
striations  on  the  cleavage  fracture  plane  was  observed.  Dimples 
were  observed  in  the  overload  zone. 

The  crack  growth  rate  at  600°C  (B2  structure)  is  much  higher 
than  at  room  temperature  and  500°C.  However,  the  fracture  mode  remained 
transgranular  cleavage.  Some  striation  markings  were  noted  at  high 
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AK.  Extensive  necking  was  observed  at  600°C,  in  agreement  with  the 
HCF  results. 

The  crack  growth  rates  at  elevated  temperatures  converge  to 
those  of  room  temperature  beyond  AK  =  40MPa  /m. 

Slopes  of  the  Par is-Erdogan t ^ 1  relation  are  listed  in  Table 
4.  There  is  a  sharp  drop  in  slope  with  increasing  test  temperature. 
Transmission  electron  microscopy  revealed  that  for  A1  contents  of 
25.05%  or  more,  dislocations  were  paired  in  cycled  Fe3Al,  while  for 
23.7%A1  dislocations  were  unpaired.  Generally,  at  room  temperature 
dislocations  were  observed  only  in  limited  regions  of  the  thin  foil. 
However,  at  high  temperatures,  dislocations  were  found  uniformly 
through  the  material.  A  summary  of  observations  on  dislocation  pairing 
appears  in  Table  5.  Screw  dislocations  were  usually  observed.  The 

O 

distance  between  pairs  is  170A,  which  is  close  to  the  calculated 
spacing [1^1. 

IV.  DISCUSSION 

A  -  Ni3Al 

1 .  High  Cycle  Fatigue 

The  limited  number  of  alloys  tested  and  the  different  processing 
techniques  impede  rigorous  discussion  of  the  results.  However,  certain 
broad  trends  of  behavior  have  emerged  from  this  work: 

1)  High  cycle  fatigue  resistance  of  as-HIP  and  cast  and  wrought 
Ni-rich  Ni3Al+B  alloys  is  very  similar  at  25°C  (Fig.  2). 

2)  Increasing  temperature  to  500°C  does  not  diminish  high  cycle 
fatigue  resistance  of  Ni-rich  material  (Fig.  4),  and  actually  leads 


to  an  increase  in  life  for  Ni-26%A1+B. 
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3)  Fatigue  resistance  drops  sharpl>  as  A1  content  is  raised 
from  24  to  267«A1  (Fig.  2)  or  temperature  is  raised  above  500°C  (Fig. 

5a).  Mn  has  little  effect  upon  this  drop  in  life,  Fig.  5b). 

4)  Ni-24%A1+B  is  ductile  in  the  unnotched  condition,  but  is 
highly  notch  sensitive  at  25°C;  notch  sensitivity  is  diminished  at 
500°C,  or  by  the  addition  of  Mn ,  see  Table  2. 

5)  Ni-26%A1+B  is  brittle  even  in  the  unnotched  condition,  at 
both  25 °C  and  500°C,  (Table  2). 

The  poor  behavior  of  the  Ni-26%A1  alloy  appears  to  be  directly 
related  to  the  poor  ductility  and  tendency  for  intergranular  fracture 
in  Al-rich  NijAl.  Further  contributing  to  the  low  fatigue  resistance 
is  the  coarse  grained  cast  structure,  which  is  not  appreciably  altered 
by  the  annealing  treatment  prior  to  test.  We  shall  confine  the  balance 
of  the  discussion  to  Ni-rich  alloys. 

A  comparison  of  the  variation  of  high  cycle  fatigue  life  with 
temperature  (Fig.  5)  and  the  variation  of  crack  growth  rate  with 
temperature  (Fig.  7)  suggests  that  there  is  enhanced  resistance  of 
polycrystalline  N^Al  to  crack  initiation  with  temperature  up  to 
about  500°C.  At  500°C,  for  example,  while  fatigue  life  is  not  significantly 
different  from  that  at  room  temperature  (except  perhaps  at  low  stress 
levels)  the  rate  of  crack  propagation  is  increased  considerably. 

The  rapid  decrease  in  high  cycle  life  noted  at  Aj=500MPa  (Fig.  7) 
almost  certainly  is  due  to  an  environmental  effect,  since  the  tensile 
strength  above  500°C  also  drops  sharply!^]. 

B  -  Crack  Propagation 

As  shown  in  Fig.  7  ,  the  rate  of  crack  propagation  in  NijAl+B+Hf 
increases  rapidly  between  25°C  and  500°C,  with  a  further  small  increase 
in  rate  at  600°C.  (The  relatively  minor  addition  of  hafnium,  though 
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affecting  the  strength,  is  not  expected  to  alter  the  fatigue  crack 
initiation  and  propagation  mechanisms  in  polycrystalline  N^Al.) 

At  a  stress  intensity  factor  of  about  30MPam^,  an  increase  in  temperature 
to  500°C  results  in  an  increase  in  the  rate  of  crack  propagation 
by  about  two  orders  of  magnitude. 

The  behavior  of  NijAl+B+Hf  is  consistent  with  previous  workt^’^I 
on  crack  growth  in  an  (Fe,Ni)3V  alloy.  Both  types  of  alloy  reveal 
a  higher  threshold  stress  intensity  at  which  fatigue  cracks  start 
to  grow,  compared  to  superalloys.  Chang  et  all^]  have  confirmed 
this  observation  on  P/M  N^Al+B  alloys  tested  at  400°C.  However, 
they  also  report  a  higher  stage  II  growth  rate  than  superalloys, 
when  tests  are  conducted  ,.n  air,  and  attributed  this  behavior  to 
an  environmental  effect. 

We  have  previously  shown  that  (Fe.Ni^V  displays  an  increase 
in  the  rate  of  crack  propagation  with  increasing  temperature  I ^ 1 . 

This  increase  in  rate  also  occurs  simultaneously  with  a  rising  yield 
stress  with  temperature,  and  was  attributed  to  either  i)  an  environmental 
effect  which  becomes  more  pronounced  with  increasing  temperatures, 
ii)  localized  disordering  at  the  crack  tip  due  to  accumulation  of 
fatigue  damage,  iii)  reduced  work  hardening  with  increasing  temperature, 
or  some  combination  of  these  factors.  However,  it  should  be  noted 
that  the  (FejNiljV  alloy  also  showed  improved  resistance  to  crack 
propagation  in  the  ordered  condition  as  compared  to  the  disordered 
condition  at  room  t emperature f ^ I .  This  improvement,  especially 
near  threshold  stress  intensity  values,  was  explained  on  the  basis 
of  the  unique  dislocation  dynamics  in  the  ordered  lattice;  that  is, 
superlattice  dislocation  must  be  emitted  at  a  crack  tip  in  the  ordered 
condition  in  order  for  crack  advance  to  occur.  For  example,  one 
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may  use  the  model  of  McClintock  quoted  by  Tschegg  and  Stanzl^^ 
to  relate  to  the  Burgers  vector,  of  dislocations  emitted  at  the  crack 
tip  to  the  minimum  crack  tip  opening  displacement, 

»t/2  ^  Tj 

(5  =  .  For  tension-tension  loading,  R=0  and  Kmax=AK.  Therefore: 

E°y.< 


1  b  1  Th 
EOy  s 


Solving  for  AKpj, ,  one  obtains  the  following  relation 


AKp^  -  /EOySb  (2) 

The  influence  of  long  range  order  on  modulus,  E,  and  yield  stress 
OyS,  cannot  be  measured  in  M3AI,  which  is  ordered  to  the  melting 
point.  However,  on  this  simple  model,  the  pairing  of  dislocations 
in  an  ordered  lattice  (b-*-2b)  should  result  in  about  a  40%  increase 
in  AKp^.  This  is  about  the  magnitude  of  increase  in  apparent  AK-ph 
in  (Fe , Ni ) 3V t ^ ^ 1 ,  where  OyS  is  known  to  be  little  affected  by 
order  and  changes  in  E  also  should  be  small. 

Unfortunately,  the  observed  increase  in  crack  growth  rate  with 
temperature  for  N^Al  is  not  consistent  with  the  above,  since  OyS 
increases  substantially  between  25°C  and  500°C,  Table  I.  The  anomalous 
strengthening  with  temperature  observed  in  LI2  alloys  has  been  discussed 
in  considerable  detail  >  1-8-20  ]  _  phe  essence  Df  mDst  models  is  the 
increased  tendency  for  cross  slip  of  the  leading  dislocation  of  a 
superlattice  dislocation  due  to  an  increase  in  temperature,  thus 
permitting  the  antiphase  boundary  to  attain  a  minimum  energy  configuration 
on  a  {lOO}  plane.  However,  there  is  ccnsiderable  dispute  in  the 
literature  over  this  question,  with  reports  both  supporting  and  denying 
a  lowering  of  energy  on  fl00|.  Paidar  et  a  1 1 2 2  ]  have  suggested  that 
the  ratio  Ylll/^100  must  be  at  least  /3  for  superlattice  dislocation 
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cross  slip  to  occur.  The  result  of  a  cross  slip  event  is  that  further 
movement  of  this  superdislocation  is  impeded  and  sessile  dislocation 
segments  are  created,  thus  contributing  to  an  increase  in  the  yield 
strength  with  temperature. 

Let  us  now  consider  the  three  possible  hypotheses  mentioned 
above  as  pertaining  to  temperature  effects  on  crack  growth: 

The  crack  propagation  experiments  on  N^Al+B  at  elevated  temperatures 
were  conducted  in  moderate  vacuum.  Although  this  does  not  preclude 
any  detrimental  interaction  between  oxygen  and  the  material,  the 
surface  appeared  shiny  after  the  test.  Further,  the  vacuum  used 
in  these  tests  supressed  intergranular  fracture  and  reduced  the  magnitude 
of  the  tensile  ductility  minimum  observed  in  polycrystalline  N^Al 
tested  at  elevated  temperatures  in  air[^,23]_  Nevertheless,  an 
environmental  effect  cannot  be  ruled  out  in  explaining  the  increased 
crack  growth  rates  at  high  temperatures. 

Regarding  localized  disordering,  the  (Fe.NiljV  alloy  had  an 
order-disorder  transformation  temperature  of  about  720°C  and,  therefore, 
stress-assisted  disordering  was  a  possibility.  However,  NijAl  remains 
ordered  up  to  the  melting  point  and  would  be  expected  to  disply  minimal 
disordering  due  to  accumulation  of  fatigue  damage,  even  at  elevated 
temperatures.  Although  work  hardening  could  be  expected  to  decrease 
with  temperature  (based  on  the  decrease  of  UTS  with  temperature), 
this  factor  alone  would  not  explain  the  observed  behavior  because 
the  effect  of  temperature  on  ease  of  crack  initiation  should  be  similar, 
but  appears  in  fact,  to  be  different.  At  all  temperatures  fatigue 
cracking  initially  was  crystallographic,  i.e.,  along  slip  bands. 

The  stage  I  cracking  is  indicative  of  the  planar  nature  of  slip  in 
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the  initial  stages  of  crack  propagation  and  the  relatively  low  levels 
of  cross  slip.  With  increase  in  temperature,  the  relative  amount 
of  slip  band  cracking  decreases;  the  overload  region  in  all  the  doped 
binary  specimens  was  completely  intergranular. 

Whether  an  existing  crack  can  grow  or  not  under  cyclic  conditions 
will  depend  on  the  stress  accommodative  mechanisms  available  at  the 
crack  tip.  At  any  given  stress  level,  stress  accommodation  is  increased 
by  an  increase  in  temperature  up  to  the  point  where  the  strains  involved 
reach  the  available  ductility  at  the  crack  tip.  At  the  stress  intensities 
employed  in  these  tests,  the  localized  strain  at  the  crack  tip  is, 
by  definition,  large  enough  to  continue  the  cracking  process  with 
further  cycling. 

This  reasoning  and  the  application  of  Eq.  2  implies  that  the 
threshold  stress  intensity  (strictly  defined  as  that  value  below 
which  a  crack  does  not  grow)  in  N^Al  should  increase  with  temperature 
up  to  about  500°C,  corresponding  to  high  cycle  fatigue  observations. 

The  data  of  Fig.  7  do  not  support  such  a  trend,  but  the  experimental 
procedures  used  in  this  study  were  not  conducive  to  measuring  extremely 
low  rates  of  crack  propagation,  near  the  "true"  threshold.  Therefore, 
further  work  is  needed  to  examine  the  temperature  dependence  of  near- thre shold 
behavior.  It  is  important  to  note,  however,  that  in  spite  of  increasing 
crack  growth  rates  with  temperature,  NijAl+B  remains  superior  to 
commercial  superalloys  at  low  AK  levels,  as  was  shown  in  Figs.  7 
and  9 . 

C  -  Single  Crystals 

Previous  investigations  of  cyclic  hardening  in  ordered  alloys 
have  been  sparse.  Chien  and  Starke^^]  noted  more  rapid  cyclic  hardening 


in  the  ordered  condition  for  C113AU.  However,  cyclic  strain  softening 
quickly  occurred  in  ordered  material  only.  The  small  asymmetry  in 
peak  stress  noted  for  ordered  CujAu  was  confirmed  in  our  own  work 
on  the  isomorphous  N^Al  crystals,  Fig.  10.  Another  similarity  noted 
between  CU3AU  and  N^Al  is  the  observation  of  slip  on  the  primary, 

(111)  [101]  system  early  in  the  fatigue  test,  which  for  CU3AU  was 
followed  by  the  formation  of  deformation  bands.  Unlike  CU3AU,  where 
cracks  were  nucleated  at  the  intersection  of  slip  bands  and  deformation 
bands  near  the  grips,  cracks  in  N^Al  developed  along  primary  (111), 
secondary  (111)  and  cross  slip  (111)  bands,  as  is  clearly  visible 
in  Figs.  11  and  12.  Chien  and  Starke  could  not  account  for  the  extensive 
deformation  band  cracking  in  CU3AU,  although  they  suggested  that 
extrusion-intrusion  progress  is  exaggerated  at  the  intersection  of 
slip  and  deformation  bands.  However,  no  extrusions  or  intrusions 
were  shown  in  that  work. 

Our  results  are  generally  consistent  with  observations  recently 
reported  by  Bonda,  et  al[25,26]  for  Ni3(Al,Nb)  single  crystals,  but 
are  much  more  detailed  in  the  analysis  of  damage  induced  by  cyclic 
loading.  Flow  stress  asymmetry  was  found  to  be  orientation  dependent 
in  that  work,  with  strengthening  more  rapid  in  compression  than  in 
tension  over  most  of  the  stereographic  triangle.  A  small  density 
of  edge  dislocation  dipoles  and  many  screw  dislocations  were  found 
at  room  temperature.  However,  no  vacancy  loops  or  voids  were  observed 
in  conjunction  with  slip  band  cracks^5]_ 

Our  observations  of  faulted  loops  and  other  evidence  for  an 
apparent  excess  of  vacancies  formed  under  cyclic  loading,  Figs.  13 
and  14,  are  in  general  agreement  with  a  model  of  crack  initiation 
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which  postulates  that  high  plastic  strain  amplitudes  lead  to  the 
formation  of  non-equilibrium  point  defects  in  PSBs^?].  The  defects 
are  distributed  inhomogeneous ly ;  their  migration  over  short  distances 
causes  mass  transport,  resulting  in  extrusion  and  intrusion  formation. 

A  kinetic  model  of  crack  initiation  at  PSBS  is  being  developed  to 
explain  our  experimental  observations. 

2.  FeqAl 

A.  Tension 

The  tensile  ductility  of  Fe-23.77„A1  is  very  low  at  room  temperature, 
in  contrast  to  recent  reports  of  5-77.  due i 1 i ty  1  ^ > 5  1  .  This  difference 
is  attributable  more  to  grain  size  differences  than  to  impurity  content, 
carbon  being  known  to  reduce  ductility  sharply.  The  coarse  grain 
size  of  the  sheet  alloys,  noteably  Fe-21.9%A1,  Table  1,  accounts 
for  both  low  ductility  and  relatively  low  strength  of  this  alloy. 

High  notch  sensitivity  is  not  unexpected  in  these  alloys;  however, 
the  higher  value  of  notch  sensitivity  ratio  associated  with  partial 
B2  order  than  with  complete  DO3  order  cannot  be  explained. 

B.  High  Cycle  Fatigue 

The  high  cycle  fatigue  results  show  no  substantial  effect  of 
the  type  and  degree  of  order  on  Fe-23.77,A1  tested  at  room  temperature. 
However  Fe-28.77„A1  is  clearly  superior  in  HCF  resistance  at  25°C 
relative  to  B2  material.  This  may  be  attributable  to  dislocation 
pairing  in  the  DO3  condition  of  this  alloy,  which  does  not  occur 
in  alloys  with  less  than  257A1.  Test  temperature  has  a  very  substantial 
influence  on  HCF  life  of  B2  material,  Figs.  15  and  17,  undoubtedly 
due  to  a  strong  creep- fat igue  interaction  at  temperatures  above  500°C. 
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DO3  Fe-23.7%A1,  which  could  only  be  tested  below  Tc  (550°C)  showed 
little  loss  in  life  from  25°C  to  500°C,  while  Fe-28.77=,  showed  a  sharp 
drop  in  life  in  the  same  temperature  range.  The  reason  for  this 
difference  in  behavior  with  A1  content  is  not  known. 

The  lack  of  a  significant  effect  of  higher  A1  content  on  HCF 
life  at  560-600°C  seen  in  Figs.  15  and  16  is  surprising  unless  one 
takes  into  account  recent  information  on  phase  relationships  in  the 
Fe-Al  system.  Inoue  has  recently  published  a  revised  portions  of 
the  Fe-Al  phase  diagram  in  the  range  21-297.A1,  see  Fig.  21^1.  We 
have  confirmed  the  two-phase  microstructure  in  Fe-rich  FejAl,  see 
Fig.  22.  Therefore  the  fatigue  test  results  are  consistent  with 
a  picture  of  an  age  hardening  contribution  to  life  in  Fe-23.770A1 
at  500°C  but  not  at  room  temperature,  see  Fig.  23.  The  data  in  Fig. 

24,  replotted  from  Figs.  16  and  17,  show  that  Fe-28.7”4A1  is  more 
fatigue  resistant  than  Fe-23.77,A1  at  25°C,  but  the  reverse  is  observed 
at  500°C.  The  existence  of  an  anomalous  two-phase  hardening  contribution 
to  Fe-23.77«A1  can  explain  this  reversal. 

The  HCF  behavior  at  room  and  elevated  temperatures  is  noteworthy 
for  the  highly  faceted  fracture  surfaces  that  result.  Initiation 
occurs  at  near-surface  grain  boundaries  but  subsequent  propagation 
is  by  what  appears  to  be  rapid  cleavage  cracking.  At  temperatures 
of  500°C  and  above  striations  are  noted  superimposed  on  the  cleavage 
fracture  surfaces  (e.g.,  Fig.  19)  suggesting  that  the  total  crack 
growth  rate  is  made  up  of  a  combination  of  static  (cleavage)  and 
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amic  ( 
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solution  commercial  alloys  tested  at  room  temperature  under  comparable 
conditions.  Crack  growth  is  more  rapid  in  Fe-Al  alloys  than  in  the 
other  intermetallics ,  especially  at  high  AK.  The  relatively  low 
ordering  energy  in  Fe3Al  (DO3),  the  partial  B2  order  present  in  quenched 
Fe3Al,  and  the  contribution  of  cleavage  cracking  to  fatigue  crack 
growth  are  possible  reasons  for  the  higher  growth  rates  in  Fe3Al. 
Further,  the  very  rapid  crack  growth  and  short  HCF  lives  of  Fe-25.Cj%Al 
at  500°C  and  600°C  appears  to  be  due  to  a  substantial  creep  contribution 
in  the  tens  ion- tens  ion  loading  cycle,  as  manifested  in  distinct  necking 
of  the  samples.  At  600°C,  cleavage  and  striated  growth  still  occurred 
in  this  alloy,  in  spite  of  pronounced  necking  prior  to  fracture. 

The  paired  dislocations  observed  in  alloys  containing  at  least 
25%A1  confirms  a  previous  report  of  Morgand  et  all  28]  that  superlattice 
dislocations  are  not  seen  in  hypostoichiometric  material.  Since 
the  presence  of  superlattice  dislocations  should  affect  crack  initiation 
it  is  not  surprising  that  significant  compositional  effects  have 
been  found  in  this  study;  for  example  HCF  lives  of  Fe-28.7%A1  are 
much  higher  than  for  Fe-23.7'/iAl  in  the  DO3  condition  at  25°C.  However, 
little  effect  of  composition  on  crack  growth  has  been  observed,  see 
Fig.  20. 

V.  SUMMARY  AND  CONCLUSIONS 

The  high  cycle  fatigue  behavior  of  N^Al+B  has  been  shown  to 
depend  upon  aluminum  and  manganese  content  and  processing  history; 
increasing  A1  content  to  26%  is  very  detrimental  to  high  cycle  fatigue 
life,  especially  at  high  stress  levels.  Ni-24a7oAl+B  made  from  powder 
shows  little  dependence  of  fatigue  life  on  temperatures  between  25°C 
and  500°C,  except  perhaps  at  very  low  stress  levels.  Crack  growth, 
on  the  other  hand,  is  more  rapid  with  increasing  temperature,  as 
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measured  in  a  hypostoichiometric  alloy  containing  0.57oHf.  The  high 
cycle  fatigue  resistance  is  sharply  reduced  and  the  crack  path  changes 
from  intergranular  to  transgranular  for  Ni-25%A1  relative  to  Ni-24%A1. 
Although  the  cast  structure  of  the  267A1  alloy  undoubtedly  contributes 
to  poor  fatigue  life,  th^  major  effect  is  probably  due  to  the  hyper- 
stoichiometric  A1  content,  as  in  tension  experiments.  Manganese 
decreases  strength  and  fatigue  life  of  N^Al-rB,  primarily  due  to 
increased  porosity.  The  primary  effect  of  manganese  is  to  reduce 
both  sensitivity  of  NigAl+B. 

Crack  growth  thresholds  in  alloy  IC-50  (as  in  other  ductile 
ordered  alloys)  are  higher  than  in  conventional  alloys,  perhaps  due 
to  difficulty  in  nucleating  dislocation  pairs  at  a  crack  tip.  Crack 
growth  rates  incease  with  temperature  between  25°C  and  600°C,  in 
spite  of  a  rising  yield  stress  and  decreasing  notch  sensitivity  over 
the  same  temperature  range.  Environmental  effects  at  elevated  temperatures 
are  significant  at  high  stress  levels,  as  noted  in  HCF  tests,  and 
may  influence  crack  growth  rates  as  well. 

The  HCF  and  crack  growth  behavior  of  Fe3Al-type  alloys  is  affected 
by  both  composition  and  type  and  degree  cf  long  range  order.  003 
order  is  effective  at  room  temperature  ’ prolonging  HCF  life  in 
a  hyperstoichiometric  alloy,  probably  due  to  paired  (superlattice ) 
dislocations  delaying  crack  initiation.  At  elevated  temperature 
it  is  likely  that  a  two  phase  microstructure  in  Fe-23.7%A1  accounts 
for  its  unusually  high  fatigue  resistance  relative  to  Fe-28 . 77'oAl . 

Crack  growth  is  more  rapid  in  Fe3Al  than  in  ductile  M3AI  and 
LRO  alloys,  probably  due  to  the  lower  ordering  energy  and  the  superposition 
of  cleavage  cracking  on  cycle  modes  of  crack  advance  in  Fe3Al. 
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TABLE  1 


Compositions  (at  I)  and  Grain  Sizes 


Element 

ORNL  »1 

ORNL  * 

Fe 

76.20 

71.25 

A! 

23.  71 

23.67 

Mn 

— 

— 

Si 

0.009 

0.030 

Ti 

Cu 

Mi 

Cr 

Co 

— 

— 

— 

— 

— 

— 

s 

0.001 

0.008 

C 

0. 106 

0.044 

sizes  „m 

250 

250 

E361 

E433 

E434 

E  4  35 

69.85 

74.94 

74.86 

77.88 

28.35 

24.93 

25.05 

21.88 

1.735 

0.027 

0.029 

0.030 

0.029 

0.060 

0.012 

0.041 

— 

— 

— 

.  120 

— 

0.008 

0.008 

0.011 

0.006 

0.003 

0.002 

0.003 

0.002 

0.003 

0.003 

0.004 

— 

0.002 

0.C02 

0.002 

0.009 

0.009 

0.009 

0.009 

0.020 

0.024 

0.024 

0.021 

800 

4C0 

800 

350 

TABLE  2 


Tensile  Data  for  Alloys  Tested 


a 

o 

NSR* 

Elong 

ys 

UTS 

(MPa) 

(MPa) 

7. 

25°C 

Ni-24A1 

(HIP) 

305 

1345 

34 

N1-24A1 

(HIP  +  Extruded) 

415 

1520 

0.56 

34 

Ni-23.5Al-0.5Hf  (wrought)310 

— 

— 

48 

N1-26A1 

(as  cast) 

290 

490 

6 

Ni- 15A1- 

-9 . 3Mn  (HIP  + 

extruded ) 

500 

1000 

1 

24 

500°C 

N1-24A1 

(HIP) 

580 

655 

30 

Ni-24A1 

(HIP  +  Extruded)ll30 

1255 

0.92 

36 

N1-26A1 

(as  cast) 

— 

580 

0 

Ni- 15A1 

- 9 . 3Mn  (HIP  + 

extruded) 

450 

820 

1 

20 

(oUTS )  notched 

♦Notch  Sensitivity  Ratio  *  (oUTg)  unnotched 


TABLE  3 


DO3  Order 
Unnotched  : 


Tensile  Data  for  Fe-21.91A1 


a  =  62  ksi 
ys 

JUTS  =  101  ksi 


Ductility  =  2-3% 
Notched.  -|JTS  =  58  ksi 

Notch  Sensitivity  Ratio  =  0.57 


B2  Order 
Unnotched : 


Notched : 


=  30  ksi 
'ys 

’•JTS  =  104  KS1 
Ductil’ty  -  2% 

=  79  ksi 


Notch  Sensitivity  Ratio  =  0.79 


TABLE  4 

Slopes  of  Paris-Erdoqan  Equation 
da/dN  =  ChKm 


Fe-24. 9%A1 

m 

T(°C)*A1 

82  -  RT 

25  D03 

- 

18 

B2  -  600°C 

. 

2 

25  B2 

DO3  -  RT 

__ 

18 

500  DO3 

003  -  500°C 

- 

4 

600  B2 

TABLE  5 

Dislocation  Configurations  after  Fatigue  Tests 


at  A1 

(ORNL  1)  ( E  4  3  3 )  (E434) 

23.7  24.93  25.05 

s*  '  s 

S,  P  P 


(ORNL  2)  (E361) 


p  =  dislocation  pairs 
s  =  single  dislocations 


TABLE  6 

High  Cycle  Fatigue  Data,  R-O.l 


Alloy  (a7.) 

T^C 

Environment 

M106 

io  10^ 

Ref. 

°y  s 

°ys 

Fe-24Al-D03 

25 

Air 

0.84 

0.71 

10 

Fe-24A1-B2 

25 

Air 

0.76 

0.62 

10 

Fe-29A1-D03 

25 

Air 

1.02 

0.89 

10 

Fe-29A1-B2 

25 

Air 

0.67 

0.65 

9 

N1-24A1  HIP 

25 

Air 

1.79 

1.38 

9 

N1-24A1  HIP+Ext 

25 

Air 

1.57 

1.20 

9 

Ni-26A1  Cast 

25 

Air 

1.32 

1.05 

9 

NijAl  (crystal) 

25 

Air 

0.72 

0.56 

8 

LRO-37  (Fe,Nl)3V 

25 

Air 

2.08 

— 

5 

Nitac  14B 

25 

Air 

1.25 

1.12 

32 

MarM-200  (crystal) 

25 

Vac 

0.55 

0.47 

8 

Waspaloy 

25 

Air 

0.57 

0.48 

35 

IN617 

25 

Air 

1.53 

1.44 

35 

Hastelloy  C 

25 

Air 

— 

1.05 

35 

Fe-24A1-D03 

500 

Air 

1.08 

0.83 

10 

Fe-29A1-D03 

500 

Air 

1.01 

0.83 

10 

Fe-24A1-B2 

560 

Air 

0.68 

— 

10 

Fe- 29A1-B2 

600 

Air 

0.95 

— 

10 

NI-24A1  HIP+Ext 

500 

Air 

0.98 

0.92 

9 

Ni3Al  crystal 

425 

Air 

0.42 

0.33 

8 

Ni3Al  crystal 

760 

Air 

0.36 

0.28 

9 

LRO-1-3  ( Fe , Co , N1 ) 3V 

650 

argon 

1.28 

0.98 

5 

LRO-37  ( Fe , Ni  )3V 

400 

argon 

1.73 

— 

5 

Nitac  14B 

825 

argon 

1.30 

1.11 

32 

U500 

650 

air 

0.61 

0.47 

35 

Waspaloy 

800 

air 

0.50 

0.46 

35 

IN718 

650 

air 

0.56 

0.44 

35 

STRESS  (MPa) 


STRESS  (KSl) 


V  I 

Fig.  2  High  cycle  fatigue  of  several  NigAl+B  alloys  [9] 

a)  r-N  data  6)  c-N  data  normalized  for  differences 
in  yield  stress. 
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Fig.  6  Crack  growth  rates,  da/dN,  vs  stress  Fig.  7  Eftect  of  temperature  on  crack 

intensity  factor  range,  J.K,  for  IC-30,  two  growth  of  IC-50. 

LRO  alloys^)  and  several  commercial  alloys^]  ^ 


room  tempeiature ,  air. 


Stress  amplitude,  6a  (x]OOMPa) 
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Fig.  9  Comparison  of  crack  growth  data  for  Ni  3AI  and  LRO-bO^l 
with  other  high  temperature  alloys.  Astroloy  tested  in  argon^l, 
R*0.05,  u *  10Hz ;  Inconel  X-  750  tested  in  vacuum,  R*0.05,  v*lOHz. 
Rene'  95  tested  in  argon,  R*0.05,  v*20Hz^I.  Nimonic  901,  Udimet 
718  and  A-286  tested  in  air  at  R=0.1,  j*UQ  Hz^lf  N^Al+B+Hf 
tested  in  vacuum,  R*0.0l,  .*20  Hz. 


Fig.  10  Cyclic-hardening  curve  for  the  [1  10  13]  oriented 
Ni 3AI+8  single  crystal  cycled  at  AEt=0.08%. 
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17  Effect  of  temperature  and  composition 
on  HCF  of  Fe 3A 1  in  the  B2  condition 
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Fig.  20  Crack  growth  rates  as  a  function  of  stress 
intensity  factor.  Data  for  LRO  and  N^Al+B 
alloys  from  Ref.  11.  Data  for  other  alloys 
from  Ref.  30. 


Fig.  21  Equilibrium  and  metastable  Fe-Al  system, 
from  Ref.  9. 
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Fig.  23  Room  temperature  mar 
of  fatigue  specimens 
exposed  for  indicate 
times  at  each  temper 


-U+DO3  microstructures  in 
fatigued  Fe-23.7  at  A 1  for  ^ 
various  test  durations  at  500°C; 
dark  field  TEM.  (A)  30  min,  Nf= 
40,160,  (B)  90  min,  f  =  162,000, 
(C)  36  h,  .'If =2. 645x106. 


